Vibration serviceability problems concerning lightweight, flexible long-span floors and cantilever structures such as grandstands generally arise from crowd-induced loading, in particular due to bouncing or jumping activities. Predicting the dynamic responses of these structures induced by bouncing and jumping crowds has therefore become a critical aspect of vibration serviceability design. Although accurate models describing the load induced by a single person are available, essential information on the level of synchronization within the crowd is missing. In answer to this lack of information, this paper experimentally investigates the inter-and intraperson variability as well as the global crowd behavior in bouncing crowds. A group size of 48 persons is considered in the experiment whereby the individual body motions are registered synchronously by means of a 3D motion capture system. Preliminary tests verified a new approach to characterize the bouncing motion via markers on the clavicle. Subsequently, the full-scale experimental study considered various crowd spacing parameters, auditory stimuli, and bouncing frequencies. Moreover, special test cases were performed whereby each participant was wearing an eyepatch to exclude visual effects. rough the analysis of 330 test cases, the interperson variability at the bouncing frequency is identified. In addition, the cross-correlation and coherence between participants are analyzed. e coherence coefficients between each pair of participants in the same row or column are calculated and can be described by a lognormal distribution function. e influence of the spatial configurations and visual and auditory stimuli is analyzed. For the considered spatial configurations, no relevant impact on the inter-and intraperson variability in the bouncing motion nor in the global crowd behavior is observed. Visual stimuli are found to enhance the coordination and synchronization. Without eyesight, the participants are feeling uncertain about their bouncing behavior.
Introduction
Due to their slenderness, long-span floors and cantilever grandstand structures are very often prone to crowdinduced vibrations [1] . Evaluating the vibration serviceability under crowd-induced rhythmic loading has become a critical aspect of the structural design process. is is particularly relevant for structures such as grandstands used for pop/rock concerts or sporting events as well as the long-span floors accommodating gym and aerobic activities. When the crowd follows a musical beat or an auditory cue with a specific rhythm, the (near) resonant excitation can induce high structural vibration levels [2] . When the vibration levels are too high or when structural movement is alarming, vibration comfort cannot be ensured, and the crowd safety may be at risk [3] .
In many cases, crowds may find bouncing preferable over jumping due to the lower energy requirements [1] .
erefore, bouncing represents the primary form of body synchronization when people listen to music during, for example, a concert [4] . Extensive research has been performed to provide a reliable and practical Fourier series representation of the individual bouncing load by measuring the continuous ground reaction forces (GRFs) via force plates [5] [6] [7] . An acceleration response spectrum method has also been developed to calculate structural responses due to individual bouncing [8] . Although essential in the vibration serviceability assessment, no or little information is available involving the levels of synchronization than can be expected within a bouncing crowd. Mouring [9] and Brownjohn et al. [10] agreed that quantification of the degree of correlation between people in a crowd is a primary task for future research.
is lack of knowledge on the synchronization behavior of bouncing crowds was the key motivation for this work.
It has been observed that the stimuli of visual, auditory (metronome and music songs), and tactile cues often have a significant impact upon the mutual interaction of bouncing and jumping persons [11] [12] [13] [14] . Noormohammadi et al. [12] studied the effect of an auditory metronome as well as visual and tactile stimuli on the level of synchronization between two jumping or bouncing persons using force plates and a motion capture system. eir research also showed that the highest level of synchronization is attained with the auditory metronome [12] . In the second and third place are the visual and tactile stimuli, respectively. Also using a CODA system, Vitomir et al. [13] investigated the effect of the position and proximity between two bouncing bodies on the resulting level of synchronization. It was observed that pairs are best synchronized when facing each other and holding hands. Georgiou et al. [14] used force plates to obtain the force signals of 15 participants to a selection of popular pop and rock songs with different dominant beats [15] . In this research, no strong synchronization pattern between individuals in the group was observed. e highest, yet only moderate, level of synchronization was obtained for songs with predominant beats in the 2-3 Hz range. When the structural response to bouncing is of interest, it is important to also consider the biodynamic parameters of the human body like mass, damping, and stiffness [16] [17] [18] . ese biodynamic parameters fall outside the scope of this paper and are therefore not further considered here.
Up to now, only a limited number of people (max. 15) were considered in crowd-bouncing experiments [11] [12] [13] [14] [15] .
e use of force plates to measure large groups (N > 15) of bouncing persons is impractical due to the complicated experimental setup and the related high experimental cost. Recently, other experimental approaches that are primarily developed for application in biomechanical sciences are being adopted to investigate human-induced loads, such as the optical marker-based technology of Vicon [19] , CODA [20] , and the 3D inertial motion-tracking techniques for the registration of in-field pedestrian behavior [21] . Cappozzo et al. [22] explained the theory of the reconstruction of the body motion using the motion capture system with target markers stuck to the skin surface of the participant. e markers were placed in a manner to satisfy technical requirements, such as optimal visibility of the markers in the crowd and minimal relative displacement between the markers and the underlying bone.
e key advantage and novelty of using a motion capture system is the feasibility to measure individual characteristics of each person in the crowd simultaneously, which makes it possible to analyze the interaction and correlation between the participants.
Considering the need for information on the synchronization behavior of bouncing crowds, this study presents an extensive experimental study involving the bouncing activity of 48 persons.
e individual body motion of each participant was tracked using an optical marker-based technology. A novel approach to crowdbouncing analysis is based on the trajectory of the clavicle and its new role in characterizing the bouncing motion of a person. Next, up to 330 test cases are performed and analyzed to determine the influence of various factors such as density, sound, or visual stimuli on the behavior of the individual and the crowd. e outline of this paper is as follows: First, the experimental method is verified using small-scale laboratory experiments and the large-scale experimental study is presented in Section 2. Section 3 introduces methods to analyze intra-and interperson variability and to assess the participant level of synchronization in the test group as it relates to a crowd scenario. Finally, Section 4 analyzes the influence of various stimuli. Conclusions are drawn in Section 5.
Crowd-Bouncing Experiments by Motion Capture Technique
In this section, the verification of the applied experimental method and the large-scale experimental study are described. First, Section 2.1 shows that the trajectories of the markers on the clavicle can reliably represent an individual bouncing motion. Second, Section 2.2 describes the experimental setup and test cases conducted.
Verification of the Experimental Method.
Experience from individual tests using the motion capture technique [23] shows that markers need to be placed on locations that are close to the center of mass (COM) of the human body, e.g., bone joints close to the pelvis. When many participants are involved, however, it is impossible to capture the trajectories of markers attached to all major bone joints or close to the center of mass because these markers are easily visually obstructed by adjacent participants in the crowd. erefore, the verification test investigated if the trajectory of a marker on the clavicle can characterize the bouncing motion of the body. All tests were conducted in the gait analysis laboratory of Shuguang Hospital, Shanghai, China, which is equipped with an advanced Vicon motion capture system [24] and four force plates embedded in the floor at the floor level ( Figure 1 ). e size of a single force platform in Figure 1 is 464 × 508 mm. e bouncing person therefore has no concern on stepping outside the edge of the platform or falling down. e participants therefore did not have to modify their behavior to ensure full contact with the force plate. e motion capture system consists of 12 infrared cameras and allows for synchronous recording of the motion of the reflective markers.
e measurement accuracy of the system is 0.1 mm. More information about the motion capture technology can be found in the study by Peng et al. [24] . e applied sampling rate was 1000 Hz for the force plates and 100 Hz for the motion capture system. e force plate was instrumented to measure lateral, longitudinal, and vertical components simultaneously. In this paper, only the vertical component of force was used as this is the dominant component of the bouncing load. In the verification test, two participants were standing on separate force plates and were requested to bounce at four metronome frequencies f m (2.0, 2.5, 3.0, and 3.5 Hz). e bouncing force of each participant was recorded by the force plate during the test. Each participant was equipped with three markers attached to the clavicle and four markers attached to the pelvis. e average trajectory (typically presented in terms of acceleration) of the four markers close to the pelvis is known as an excellent approximation of the trajectory of the COM, also shown by Zhang et al. [23] .
us, it is later referred to as COM acceleration. Similarly, the average value of the markers on the clavicle was calculated and taken as the representative acceleration of the clavicle.
A jumping person is usually simplified as a single rigid segment during the reproduction of jumping load via his trajectory of center of mass. However, a bouncing person that remains with two feet on the ground cannot be simplified in a similar way because not his full body mass participates in the bouncing motion. For example, the feet do not (or barely) move during the bouncing motion. Similar observations are made for walking [25, 26] . It is outside the scope of this paper to biomechanically identify the mass distribution and activated mass of the person during the dynamic bouncing motion. As in [27, 28] , R (0 < R ≤ 1) is defined as a dynamic participation coefficient which is the ratio of that part of the effective mass participating in body motion and the whole human mass.
en, an equivalent vertical acceleration can be determined using the measured bouncing force by the following equation:
where € u equ (t) (m/s 2 ) represents the equivalent vertical acceleration of the body's COM, F v (t) (N) is the vertical bouncing force measured by the force plate, m (kg) is the body mass, and g is the gravity acceleration. e R coefficient is dependent on the BMI (body mass index) of the participant and the bouncing frequency.
e R values at one frequency in this paper were the average of individual R values that were estimated by trial and error to minimize the difference of the RMS of one's clavicle and the equivalent acceleration time histories. e values of R adopted in this study are summarized in Table 1 . ey were determined by the empirical approach described in [28] . Figure 2 compares time histories of the COM, clavicle, and equivalent acceleration from one test case. e comparison shows that the three curves are very similar to each other. is observation stands for other test cases, indicating that the trajectory of the clavicle can be used to represent motion of COM of a bouncing person. e results in Table 1 show that the ratios of peaks of the clavicle acceleration and the equivalent acceleration derived from the force with R taken into account are in close agreement. Note that the ratios are very close to 1.0, implying that the two accelerations have nearly the same amplitude. Table 2 further shows the linear correlation coefficients between the clavicle and equivalent acceleration from all test cases. e high correlation values, which are all larger than 0.98, indicate clearly high similarity between the two accelerations in global sense.
e verification experiments prove that the trajectory of the clavicle can represent the characteristic of the bouncing force. erefore, when trajectories of all persons in a crowd can be monitored simultaneously, they can be used to explore the synchronization between bouncing persons.
Crowd-Bouncing Experiment.
e experimental study on crowd bouncing was carried out in the Civil Engineering Building of Tongji University, and all participants were students. e test protocol satisfied the requirements by the Tongji Medical Ethics Committee. e experiments were conducted using a Vicon motion capture system consisting of 18 infrared cameras (Figure 3) , and a sample rate of 100 Hz was applied.
e tests considered 48 persons standing in a 6 × 8 matrix configuration with each participant equipped with three markers on his/her clavicle ( Figure 4 ). Each participant was labelled with a number from 1 to 48 according to their position in the matrix setup. To examine the effects of various parameters on the level of synchronization in crowd bouncing on a rigid floor, bouncing tests were carried out considering different metronome rhythms, songs, and spatial distribution, with or without obstructing the view of the participants using eyepatches. e specifications of the tests are listed in Table 3. e tests were repeated on three different days, involving different participants: 84 males (age: 21.9 ± 2.5 yrs; weight: 65.03 ± 7.95 kg; height: 1.74 ± 0.058 m (mean-± standard deviation)) and 47 females (age: 22.4 ± 2.3 yrs; Shock and Vibrationweight: 52.35 ± 4.85 kg; height: 1.63 ± 0.041 m (mean ± standard deviation)). Table 3 lists the specifications of all tests that were considered on each test day. Extensive experiments were arranged for the 1 m × 1 m (front to back × left to right) spacing configuration which is considered in this study as the reference configuration/density. Specifically, 32 test cases were conducted under various audio cues: 21 metronomeguided frequencies from 1.5 to 3.5 Hz with an interval of 0.1 Hz and eight pop songs.
e metronome frequencies were randomized in successive tests to avoid "habituation" of test subjects, thereby adjusting their performance to monotonously increasing or decreasing beats. In the following sections, the bouncing motion is analyzed based on the clavicle accelerations measured in the experiment. Figure 5 shows the time history of a clavicle acceleration record of a participant bouncing at 1.8 Hz. For each record, the first and last three seconds (marked by the dashed lines in Figure 5 ) are discarded to exclude the influence of the irrelevant initialization and the ceasing part of the bouncing motion.
Data Processing and Analysis
is section introduces the following quantities to analyze the individual and the collective crowd-bouncing motion: the mean value (Section 3.1) and equivalent bandwidth of the achieved bouncing frequency (Section 3.2), the correlation and the coordination factor (Section 3.3), and the spatial coherence (Section 3.4). Unless otherwise specified, records from the 1 m × 1 m spacing configuration are adopted for the following illustrative analysis.
Probability Distribution of Achieved Bouncing Frequency.
e achieved bouncing frequency f s (Hz) is defined as the frequency corresponding to the peak value of the fundamental harmonic of the individual power spectral density (PSD) of the clavicle acceleration ( Figure 6 ). e PSDs are calculated by applying the pwelch function in MATLAB [29] . In this way, the achieved bouncing frequency is determined for each participant in each test. It is then normalized to the metronome frequency f m (Hz). For the test case of 1.8 Hz, Figure 7 shows the normalized achieved bouncing frequencies of all participants, where each was assigned according to their standing position in a matrix form. Note from Figure 7 that some participants standing at the edge of the crowd were unable to keep up with the metronome beat so that their normalized achieved bouncing frequency deviates far from 1. Records of these participants are denoted as outliers, which were identified by means of a modified score M i suggested by Iglewicz and Hoaglin [30] :
with MAD denoting the median absolute deviation and x denoting the median. e median absolute deviation is a measure of statistical dispersion and is a robust statistic, being more resilient to outliers in a data set than the standard deviation. Following the recommendations of [30] , data entries corresponding to an absolute value of the modified score M i which is greater than 3.5 are labelled as outliers and, thus, excluded from the data set. e analysis shows that the number of outliers is about 1-7 participants in each test case; that is, 2%-14% persons in the crowd are nonsynchronous participants and are excluded from further statistical analysis. Figure 8 shows the probability density function (PDF) of the normalized achieved bouncing frequency identified for all participants for the test case with a metronome frequency of 2.1 Hz. is figure shows that the PDF of the achieved bouncing frequency can be well approximated by a normal distribution. A similar observation is made for the other test cases.
e calculated mean values and standard deviations of the achieved frequency for all metronome-guided cases are shown in Figure 9 . A slightly decreasing trend of achieved bouncing frequency can be observed. e results indicate that, at low and medium frequencies (f m ≤ 2.5 Hz), participants bounce faster than the metronome beat, indicating that the rhythm is uncomfortably slow. As the metronome frequency increases, it becomes easier for participants to follow the indicated rhythm. At intermediate frequencies (2.6 Hz ≤ f m ≤ 3.4 Hz), the mean values of the normalized bouncing frequency are close to unity, which suggests that the metronome tempo is easily followed, thereby allowing better synchronization among the crowd. At the highest frequency (f m � 3.5 Hz), it is difficult for the participants to keep up with the tempo, resulting in a lower mean value than unity.
It is illustrated in Figure 6 (a) that the bouncing load energy is mainly distributed around the first main harmonics (i.e., frequencies at 1, 2, and 3 times the f p ). Unlike the walking load where the subharmonics can be clearly observed [31] , they are barely observable for the bouncing 6 Shock and Vibration load. erefore, the subharmonics of the bouncing load are not considered here.
Equivalent Bandwidths.
Human-induced loading is known to be a narrow-band random process [32, 33] , which also applies to the bouncing load that is at focus in this study. e narrow-band nature of bouncing loads can be observed from the distribution of energy around the main harmonics of the bouncing load's power spectral density (PSD) or, in this case, the clavicle acceleration, as illustrated in Figure 6 . In this section, the narrow-band nature is characterized by the equivalent bandwidth of the fundamental harmonic of the PSD. According to the equivalent noise bandwidth theory [34] , the equivalent bandwidth B eq (Hz) herein is defined as
where S xx (f s ) is the peak value of the PSD at the achieved bouncing frequency and f (Hz) is the integration variable. Equation (3) is used to calculate the equivalent bandwidth for each participant in the crowd. Figure 10 illustrates the probability density function of the equivalent bandwidth for all participants with the test metronome frequency of 1.8 Hz. is figure shows that the distribution of the equivalent bandwidth of all participants can be well approximated by a normal distribution. Similarly, a good fit is found for the equivalent bandwidth of the PSD for other test cases. In the following, the distribution results are represented through the mean value and corresponding standard deviation of the equivalent bandwidth. Figure 11 presents the results for the 1 m × 1 m configuration. It illustrates the low, yet nonnegligible, distribution of the bouncing energy of the PSD around the fundamental harmonic frequency.
e largest values for the equivalent bandwidth are found at low frequencies (1.5 Hz), thereby confirming the observation in Section 3.2 that 1.5 Hz is an uncomfortably low rhythm for bouncing. e lowest values for the equivalent bandwidth are found at around 3.4 Hz. is low intraperson variability in bouncing frequency illustrates that, for frequencies from 3.0 to 3.4, it is easier for the participants to follow the metronome beating. e equivalent bandwidth slightly increases again when the metronome frequency becomes higher than 3.4 Hz.
A quadratic function, equation (4), is fitted to the mean value of the equivalent bandwidth for the 1 m × 1 m configuration. For a certain bouncing frequency f m in the range of 1.5 to 3.5 Hz, the distribution range of load energy can be estimated by calculating the equivalent bandwidth:
where B eq,mean is the fitted value of the equivalent bandwidth, f m is the metronome frequency, a � 2.844 × 10 −3 , b � −1.903 × 10 −2 , and c � 4.276 × 10 −2 .
Variation of Synchronization with Frequency and Crowd
Size. In this section, the overall synchronization of the crowd is analyzed. e objective is to analyze the level of contribution of each individual to the overall motion of the crowd. e synchronous acceleration time history is defined as the average of the overall crowd motion:
where € u cla,i (t) is the individual clavicle acceleration and N is the number of participants.
e motion of the individuals and synchronous crowd motion are shown in Figure 12 for the reference load case with the metronome frequency of 1.8 Hz. Figure 12 shows that the individual motion is similar to the overall crowd motion. However, the individual motion appears not always to be in phase with the overall crowd motion. As a result, the amplitude of the synchronous acceleration is lower than the one reached by most individuals. If all individuals are perfectly synchronized, the amplitude of the overall crowd motion would be equal to the average amplitude reached by the individuals.
e overall synchronization of the crowd is defined as the coordination factor ρ [14] :
where A crowd (f s ) and A i (f s ) are the peak Fourier amplitudes which correspond to the dominant frequency of the overall crowd motion acceleration and individual clavicle acceleration, respectively. e coordination factor ρ ranges from 0 to 1. Values of ρ close to 1 indicate a good synchronization of the crowd. On the contrary, ρ values close to zero are a sign of poor synchronization. Figure 13 shows the variation of coordination factors with bouncing frequencies for the reference configuration. e coordination factor decreases with increasing frequency. e maximum of coordination factor is achieved at 1.7 and 1.9 Hz. At frequencies smaller than 2.6 Hz, the coordination factors are almost above 0.8. When the frequency increases above 2.6 Hz, the synchronization clearly decreases. is indicates that the crowd has the capacity of adjusting the synchronization at moderately high frequencies, while at high frequencies, they have to focus more on following the metronome beat instead of adjusting to the behavior of others.
en, the Monte Carlo sampling method [35] is used to calculate the synchronization degree of different numbers of persons. e number of persons N p is changed from 1 to the effective number N e which is the rest of 48 after excluding the outliers. During each simulation, N p records of acceleration are randomly selected from N e records of acceleration and used to calculate the coordination factor by equation (6) . For every number "N p ," the simulation is repeated 1000 times, and it turns out that the probability of each record which is selected follows the uniform distribution. Figure 14 shows variation of the mean values of coordination factors obtained from the simulation with different numbers of persons at the frequency of 1.8 Hz. For N p � 1, there is no doubt that the coordination factor equals Shock and Vibration one. en, the coordination factor obviously decreases with the increasing number of persons. However, the downward trend becomes gradual when the number of persons reaches 10. When the number is larger than 20, the factor becomes steady at around 0.80. For other frequencies, there are similar tendencies of the coordination factor changing with the number of persons. As the factors with maximum persons are different, which can be seen from Figure 13 , their descending slopes are different.
Correlation and Time Lag.
e overall synchronization of the whole crowd and between each two participants can also be described by time lag, which can be obtained by calculating the cross-correlation of two signals in the time domain. For two signals x i (t) and x j (t), their crosscorrelation function R ij (τ) can be calculated by equation (7) . e normalized R ij (τ) varies in the range [0, 1], and the higher the value the more similar the two signals:
e value of τ corresponding to the maximum value of R ij (τ) is chosen as the time lag between x i (t) and x j (t), which varies in the range [−1/(2f s ), 1/(2f s )]. First, the correlation between the time histories of an individual and the overall crowd motion (equation (5)) is analyzed. When the time lag is close to zero, it means that this individual is making a great contribution to the overall crowd motion and is therefore considered to be well synchronized. If the absolute value of the time lag increases, then the level of synchronization for that participant decreases and so does his/her impact on the overall crowd motion. For the 1.8 Hz test case, Figures 15 and  16 show the probability density function and the standard deviation of the time lags being calculated for the reference configuration. e results of all test cases show that the time lag follows a normal distribution. Its mean value is almost equal to zero as it comes from all participants and their mean time history, and its standard deviation is around 0.05. Second, the cross-correlation between every two participants is calculated to observe the difference of acceleration among participants. Figure 17 shows the probability density function of the calculated time lags between each two accelerations at a metronome frequency of 1.8 Hz for the reference configuration. It follows a normal distribution. e time lags between each two accelerations with other metronome frequencies also follow the normal distribution.
Coherence.
Inspired by the theory of turbulent wind on linear structures [36] , Brownjohn et al. [10] suggested the following mathematical model to calculate the bridge response under a crowd of pedestrians via the coherence function: where S z (f) is the autopower spectral density (APSD) of the structure response in a single degree of freedom (SDOF) specified by the coordinate z, ψ z is the mode shape ordinate in the same SDOF, H(f) is the frequency response function (FRF) for the acceleration response, S P,1 (f) is the ASD of the pedestrian load per unit length, ψ z1 and ψ z2 are the mode shape ordinates related to the location of each pair of pedestrians on the bridge described by coordinates z 1 and z 2 , and coh(f, z 1 , z 2 ) is the coherence coefficient, which has a value between zero and one.
e coherence coefficient |coh(f s , d)| describes the spatial correlation in a standard random field by equation (9) , in which P xy (f s ) is the cross power density spectrum between two signals with the distance d; P xx (f s ) and P yy (f s ) are the autopower density spectra:
In a crowd, the interaction between people, which affects their behavior, can be considered as the influence of persons standing on the left or right side (termed as lateral interaction) and the influence of persons standing in front of them (frontal interaction). Due to the limited visibility, it is expected that the influence of lateral interaction on crowd synchronization is low. When people attend a music concert or a sport match, most attention is drawn to the performance or players in front of them, which means less attention is paid to the people beside them. However, when the density of the crowd is very high, the influence of the lateral interaction may increase when an additional physical stimulus is introduced. e direct and strong impact of visual stimuli is expected from frontal interaction. In this study, the coherence coefficient is analyzed in both directions. e configurations considered in the experimental study are composed of six rows and eight columns on the first and second days and six rows and seven columns on the third day. In a row, the distances between two participants considered in the experiments are 1, 2, 3, 4, 5, 6, or 7 meters, while in a column, the distances are 1, 2, 3, 4, or 5 meters.
erefore, there are 42 coherence coefficients at the smallest distance of 1 m and 36 coherence coefficients at a distance of 2 m until the number of coherence coefficients is down to 6 at a distance of 7 m. e coherence coefficient is calculated via the magnitude-squared coherence estimated by MAT-LAB [29] . e coherence coefficients range from 0 to 1, and most of them are close to 1. To find a well-fitted distribution, the coherence coefficients x coh are substituted by their negative natural logarithm.
In the following, lognormal and Weibull distributions are fitted to the coherence coefficient for different distances. Generally, the lognormal distribution provides a better fit than the Weibull distribution. e lognormal distribution is described as
in which coh ∈ (0, 1) and x coh > 0. Figure 18 presents all coherence coefficients and their mean values at lateral distances of 1 m and 2 m. e results show that all mean values of the coherence coefficient are above 0.9 and the mean values at the same frequency for two lateral distances are close. Figures 19(a) and 19(b) show the Weibull and lognormal distributions fitted to the coherence of every two participants with an interperson distance of 1 m and 2 m, respectively. For distances larger than 4 m, no good fit can be obtained due to low coherence as well as lack of data samples.
Lateral Coherence.
e shape parameters of well-fitted lognormal distributions for distances of 1 m to 4 m are listed in Table 4 . Figure 20 presents variation of the lognormal distribution parameters (mean ± standard deviation) with bouncing frequencies for four lateral distances (1∼4 m). Although the results are different for every lateral distance, a similar variation range and tendency is observed.
Frontal Coherence. In Figures 21(a) and 21(b)
, the frontal coherence coefficients are shown for a longitudinal spacing of 1 m and 2 m.
is figure illustrates that the dispersion of coherence coefficients with a metronome frequency between 1.7 Hz and 2.7 Hz is smaller than others. Figure 21 also shows that the mean values with two frontal distances are quite similar, and they are all above 0.9.
Identical to the analysis of the lateral coherence, Figures 22(a) and 22(b) show that a lognormal distribution can be used to describe the frontal coherence between participants. e shape parameters of lognormal distribution are listed in Table 5 . Figure 23 presents variation of the lognormal distribution parameters with bouncing frequencies for three frontal distances. ese results show that there is no obvious relation between the parameters and the longitudinal distances, but again a similar tendency is observed when the parameter μ L decreases for frequencies lower than 2 Hz, achieves the lowest point at 2 Hz, and then increases along with the metronome frequency. Note that similar parameters σ L are found for all cases with different distances.
Coherence between Each Two Participants.
e above results indicate that distance has limited influence on the coherence coefficient. erefore, the coherence coefficients between a single participant and each of the participants in the crowd are calculated. Table 6 lists a single example: the results of the participant standing in row six and line two. As expected, the coherence coefficient with himself equals 1.0. All coherence coefficients with other participants are close to or above 0.9. It is observed that this coefficient does not increase or decrease with the distance between two individuals. ese results are confirmed in Figure 24 that shows the distribution of all coherence coefficients in terms of the metronome frequency, excluding the duplicate items. If the autopower spectrum density of the reference person is known, then the coherence coefficients coh(f, z 1 , z 2 ) between that person and any others can be found from Table 6 and then can be used in equation (8) . Figure 25 presents the mean values and standard deviations of all coherence coefficients between any two participants along with the metronome frequency. e result shows that the synchronization of crowd in the frequency domain between 1.7 Hz and 2.7 Hz is much better than that in other frequencies due to the higher mean values and smaller standard deviations.
From what has been discussed above, the bouncing crowd can be assumed to be a stationary and homogeneous isotropic field.
e stationary process is based on crosscorrelation in the time domain (Section 3.4). As the directions and the distances make no obvious difference on coherence coefficients, the homogeneous isotropic refers to the spatial stability which is based on coherence in the frequency domain in this section.
3.6. Summary. Four quantities are introduced to describe the intra-and interperson variability in the fundamental bouncing frequency and the level of synchronization in the crowd. 
Intravariables.
e intravariables (achieved bouncing frequency and equivalent bandwidth) indicate the energy distribution of the bouncing individual, and all the other intervariables quantify, from different angles, the relationship among individuals in the bouncing crowd.
For the reference configuration 1 m × 1 m with 21 metronome frequencies, the intraperson variability of the achieved bouncing frequencies and corresponding equivalent bandwidth follow a normal distribution. For the considered range of metronome frequencies (1.5 Hz to 3.5 Hz), the normalized achieved bouncing frequency is characterized by a downward tendency corresponding to the metronome frequency. A quadratic relation is found between the metronome frequency and the equivalent bandwidth of the fundamental bouncing frequency, illustrating that the rhythms between 3.0 Hz and 3.4 Hz are the easiest for participants to follow.
Intervariables.
Concerning the cross-correlation, the time lags are found to follow a normal distribution, and their standard deviation varies around 0.05 (s). In turn, the correlation values vary with the metronome frequency like a quadratic function, and its standard deviation varies within a range from 0.05 to 0.15. e coordination factors are observed to decrease with the metronome frequency, indicating that the coordination among crowd is getting worse when the participants bounce faster and faster. For lateral and frontal coherence coefficients and that between any two participants, the lognormal distribution can be used to specify the probability of the negative natural logarithm coherence coefficients.
e results of this study also show that the locations of and distance between persons in a bouncing group have little influence on the coherence coefficients, which can be used to simplify the crowd load modelling in the frequency domain.
Influence of Various Stimuli on the Behavior of the Bouncing Crowd
In this section, the quantities introduced in the previous section are used to analyze the influence of various 
Influence of the Spatial Configuration.
In total, six configurations (thus different crowd densities) were considered in the experimental study (see Table 3 ). To investigate the influence of the spatial configuration, the considered configurations are divided into two groups. In Table 7 , group 01 and group 02 are characterized by the same frontal and lateral distances, respectively: group 01 configurations are 1 × 1, 1 × 0.6, and 1 × 0.8 and group 02 configurations are 1 × 1, 0.8 × 1, and 1.2 × 1. e interval distance between two neighbouring participants is referred to as the single distance.
en, after multiplying the number of segments, there are five single distances in a column and seven single distances in a row. Note that 1 m × 1 m is the reference configuration. In Figures 26(a) and 26(b) , a similar downward tendency of the mean values of the normalized achieved bouncing frequency is observed with the metronome frequency. Although there is a mildly decreasing trend of these mean values, the difference between the maximum and minimum is less than 2%. In both groups, the standard deviations of the other two configurations except for the reference one all become smaller along with the metronome frequency. All standard deviations are smaller than 0.3%. Figure 27 shows the statistical results of the equivalent bandwidth for different spatial configurations. In all cases, the largest equivalent bandwidth is found for the lowest frequency, i.e., 1.5 Hz. As for the reference configuration, the same downward tendency for the equivalent bandwidth with the metronome frequency is found. A minimum bandwidth is reached for 3.0 Hz, after which the mean value of the equivalent bandwidth increases together with the standard deviation. 
Time Lag and Coordination
Factor. In Figure 28 , comparison of the time lags of three spatial configurations in two groups is presented. ere is no clear relation among the results from different spatial configurations. e results from different groups are also compared. In all cases, the largest standard deviations of time lags are observed at a metronome frequency of 1.5 Hz. Figure 29 shows that similar coordination factors can also be obtained for all the spatial configurations. e highest coordination factors are obtained at 2.0 Hz for all configurations in group 02 and the reference configuration in group 01. For the other two configurations in group 01, the metronome frequency is set at 2.5 Hz, while the lowest coordination factors are obtained for all configurations in both groups at 3.5 Hz.
Coherence Coefficient.
For distances larger than 3 m, the coherence coefficient is too low to be discussed. e parameters (μ L , σ L ) of the lognormal PDFs of the coherence coefficients for different configurations of group 01 and group 02 are shown in Figures 30(a) and 30(b) . Figure 31 presents similar results for two groups with double distances. Again, no clear impact of the spatial configuration is observed.
Apart from the coordination factor which (slightly) increases with decreasing frontal distance, no relevant impact on the inter-and intraperson variability was observed, neither in the bouncing motion nor in the global crowd behavior for the considered spatial configurations.
Influence of Visual Stimuli.
To investigate the impact of visual stimuli, the tests in the reference configuration are repeated with and without an eyepatch.
ese tests are performed for 21 metronome frequencies and 10 songenhanced test cases (see Table 3 ).
Normalized Achieved Bouncing Frequency and
Equivalent Bandwidth. Figure 32 shows the PSDs of two participants bouncing with and without an eyepatch for 1 m × 1 m at 1.8 Hz. Figure 32 (a) shows that when an eyepatch is used, the lack of visual stimuli results in a significant increase of the intraperson variability; thus, the bouncing energy disperses around the harmonics, and the peak value of the energy is much lower. However, the impact is not equally significant for every participant. More than 70% of participants' bouncing energy follows a distribution pattern, as shown in Figure 32 (b). Figures 33 and  34 illustrate the comparison of the normalized achieved bouncing frequency and the equivalent bandwidth, with and without visual stimuli. In both cases, the mean value of the normalized bouncing frequency is similar, although its value appears to be closer to unity when no eyepatch is worn. From Figure 34 , a (small) increase is observed in the standard deviation of the equivalent bandwidth when the eyepatch is used. is indicates that, with an eyepatch, the bouncing energy is more dispersive because the eyepatch introduces some uncertainty in the human behavior, causing some to feel less in control. Figure 35 shows the comparison of the time lags and correlation values for the cases with and without eyepatches. Figures 35(a) and 35(b) indicate the same point where the correlation value with an eyepatch is lower than that for the reference configuration and the time lags are higher. In Figure 36 , the tendency of coordination factors indicates the same conclusion. With an eyepatch, the coordination factor is lower. eir concentration may be more significant when getting a visual effect from others to improve the level of synchronization. Figure 37 shows the comparison of the mean values of the coherence coefficients in lateral and frontal directions for visual stimuli, with and without an eyepatch. ere is no obvious influence of the visual stimuli on both lateral coherence and frontal coherence.
Time Lag and Coordination Factor.

Coherence Coefficient.
Visual stimuli have a positive impact on individual bouncing statistics, especially for those who might feel uncertain about their bouncing behavior. On the contrary, the results of correlation and coordination indicate that the level of synchronization is higher when participants wear the eyepatch.
From the more dispersive energy distribution of individual PSD and lower coordination factor with an eyepatch, it is indicated that each individual's behavior is affected by his own sense of safety and surrounding pedestrians via visual connection. However, it is impossible to separate these two irregular effects with these experimental data, and the situation with an eyepatch is too extreme to happen in reality, so we do not need to account for it.
Influence of Auditory Stimuli.
To investigate the influence of auditory stimuli, the experiments considered both a metronome cue and music songs. In total, 11 songs are considered in the experimental study, including eight English songs, two Chinese songs, and a single Japanese song for the reference configuration. e dominant tempos of the songs are 1.50, 1.57, 1.75, 1.83, 2.0, 2.08, 2.3, 2.37, 2.5, and 2.73 Hz. e corresponding metronome frequencies involve 1.5, 1.6, 1.7, 1.8, 2.0, 2.1, 2.3, 2.4, 2.5, and 2.7 Hz.
Normalized Achieved Bouncing Frequency and
Equivalent Bandwidth. Figure 38 shows the comparison of the normalized achieved bouncing frequency for cases with metronome compared to the tempo based on metronome measurement of songs played during testing. Figure 38 presents the corresponding equivalent bandwidth. For the case where a metronome cue is used, the normalized achieved frequency is close to unity. When a song is used, the standard deviation from the rhythm of the auditory stimuli is much larger, especially for the songs with a metronome tempo of 1.53, 1.75, 1.83, and 2.3 Hz. In turn, Figure 39 shows that the equivalent bandwidth is much larger when a song is applied compared to metronome-only results.
ese results indicate that it is much easier for participants to follow the metronome cue. e metronome performance is also more consistent when analyzing the correlation and coordination. e results indicate that higher levels of synchronization are attained when the auditory cue is the metronome in comparison to the tempo of music based on participants listening to different songs during the bouncing sessions.
Time Lag and Coordination
Conclusions
is study experimentally investigates the individual and global bouncing motion. First, small-scale laboratory experiments involving the simultaneous registration of the body motion and the resulting GRFs are applied to show how the trajectory of the clavicle can be used to qualitatively represent the bouncing motion of a person and also to analyze the synchronization between bouncing persons. Second, a full-scale experimental study was performed where the bouncing motion of 48 persons was simultaneously recorded and 330 test cases were performed. e intra-and interperson variability in the fundamental bouncing frequency and the level of synchronization in the crowd are investigated for a realistic range of bouncing frequencies (from 1.5 Hz to 3.5 Hz with an interval of 0.1 Hz). Furthermore, the influence of various stimuli (spatial, visual, and auditory stimuli) is investigated. e results show that the lowest degree of inter-and intraperson variability in the fundamental bouncing frequency is found when recorded metronome rhythms range between 2.6 Hz and 3.4 Hz, showing that, for individuals, these rhythms are the easiest to follow. However, during these higher frequencies, participants pay more attention to their own movements instead of noticing the motions of other participants. us, these ranges are characterized by the lowest level of synchronization. In turn, the analysis of the lateral and frontal coherence shows that coherence coefficients at frequencies between 2.6 Hz and 3.4 Hz are more dispersive. Different spatial configurations are considered, ranging from 0.6 m to 1.2 m. Apart from the coordination factor which (slightly) increases with decreasing frontal distance (0.8 m and 1.2 m), no relevant impact on the inter-and intraperson variability in the bouncing motion or in the overall crowd behavior is observed for the considered spatial configurations. e reason might be that the range of spacing was too small to present some certain tendency.
e impact of visual stimuli is investigated by using an eyepatch on each participant. It is observed that the elimination of the visual connection will lower individual bouncing consistency, which is assumed to be due to the uncertainty-limited vision that can make participants focus on their own bouncing behavior. In addition, correlation values and coordination factors are also lower for participants tested wearing eyepatches. In addition to tests where a metronome cue was used, 10 songs with different rhythms were also involved. e results indicate that significantly higher levels of synchronization and a lower degree of the intraperson variability are attained with a metronome cue compared to the beat of songs.
e results in this paper were obtained from the crowd standing on a rigid ground. Hence, these conclusions may be more suitable for rather stiff structures than slender structures sensitive to human-induced vibrations.
at is, the effect of human-structure interaction on the synchronization behavior of the crowd is not accounted for.
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